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ABSTRACT: Most carbonic anhydrase (CA) inhibitors bind a t  the active site metal and either are anions 
or are capable of deprotonation to yield anions. Much less is known about the interaction of C A  with inhibitors 
that  have hitherto been considered to bind as neutral species. W e  report a study of the reversible amide 
inhibition of Co(I1)-substituted C A  by iodoacetamide and ethyl carbamate (urethane), as  well as the 
ambivalent oxamate, the monoamide of oxalate. Visible cobalt spectral changes indicate coordination of 
all these inhibitors to the metal. The  pH dependence of the affinity of carbonic anydrase isozyme I (CA 
I) for ethyl carbamate and iodoacetamide is formally consistent with their binding either as anionic species 
to the acid form of the enzyme or as neutral species to the basic form of the enzyme. The former view 
is in better accord with the spectral data. Most strikingly, reversible binding of iodoacetamide and ethyl 
carbamate leads to  uniquely slow kinetics of ligand association and dissociation that  could be followed by 
simple mixing. The  slow association kinetics suggest the involvement of energetically unfavorable depro- 
tonation of the amide group preceding final coordination. The  complex p H  profile for inhibition of C A  
I by the ambivalent oxamate is consistent with coordination through the carboxylate group a t  low pH and 
through the deprotonated amide group a t  high pH.  The visible spectrum of the complex of Co(1I)CA I 
with oxamate shows a parallel dependence on pH, reflecting this dual coordination mode. Similarly, oxamate 
dissociation kinetics were biphasic and could be correlated with the pH-dependent spectral changes. Carbonic 
anhydrase thus appears to have a hitherto unrecognized high affinity for coordinating deprotonated amides 
a t  its active site metal. 

x e  overwhelming majority of inhibitors of the zinc me- 
talloenzyme carbonic anhydrase (EC 4.2.1.1) are known to 
bind by coordinating to the active site metal ion (Maren, 1967; 
Lindskog et al., 1971; Lindskog, 1982, 1983; Bertini & Lu- 
chinat, 1983). Such inhibitors are generally either monoanions 
or neutral molecules that are capable of deprotonation to yield 
anionic species. These inhibitors formally compete with hy- 
droxide for binding to the active site metal ion and thus bind 
to the “acid” (zinc-water) form of the enzyme (Lindskog & 
Coleman, 1973; Bertini & Luchinat, 1983). This class includes 
the pharmacologically important sulfonamides that have been 
convincingly shown (Kanamori & Roberts, 1983; Blackburn 
et al., 1985) to bind to the active site metal through their 
deprotonated sulfonamido nitrogen. Bertini and Luchinat 
(1 983) have given a lucid summary of the pH dependence for 
binding expected for these different cases. 

The interaction of neutral inhibitors with carbonic anhydrase 
is also of considerable interest. Significantly, this small class 
includes the only two known competitive inhibitors of the 
physiological substrate C02 ,  namely, imidazole (Khalifah, 
1971, 1980) and phenol (Simonsson et al., 1982). It is 
noteworthy that the common hydration substrates of the en- 
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zyme, such as C02 ,  aromatic esters, and aldehydes (Lindskog 
et al., 1971; Lindskog, 1982, 1983; Pocker & Sarkanen, 1978), 
are all neutral species not readily capable of ionization, and 
their mode of binding has not been elucidated. Similarly, many 
questions arise regarding the binding mode of the so-called 
neutral inhibitors (Jacob et al., 1980; Bertini & Luchinat, 
1983; Simonsson et al., 1982; Tibell et al., 1985). This class 
also includes the weakly inhibitory alcohols and organic sol- 
vents (Verpoorte et al., 1967; Pocker & Stone, 1968), as well 
as amidic compounds such as ethyl carbamate (Whitney et 
al., 1967) and iodoacetamide (Whitney, 1970, 1973; Whitney 
et al., 1967). Many of these “neutral” inhibitors are capable, 
in principle, of a deprotonation at sufficiently alkaline pH, or 
their proton can be substituted by transition metal ions. In  
view of the high pK, of amide groups (typically 14-1 5), it is 
perhaps not too surprising that they have been generally 
considered to bind only in their neutral form to the active site 
metal of CA.’ 

We now report that carbonic anhydrase has a hitherto un- 
recognized high affinity for coordinating amides and related 
compounds at its metal ion, a binding mode that involves the 
obligatory deprotonation of the amide group [cf. thorough 
review by Sigel and Martin (1982)l. The binding of amides 
as anions is thus strictly analogous to the interaction of the 

’ Abbreviations: CA, carbonic anhydrase; CA I and CA 11, carbonic 
anhydrase isozymes I and I1 (formerly referred to as B and C type); 
CmCA I ,  CA I specifically carboxymethylated at its active site His-200; 
PAMBS, p(aminomethy1)benzenesulfonamide; Bis-Tris, [bis(2- 
hydroxyethy1)aminol tris(hydroxymethy1)methane 
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enzyme with the ionizable sulfonamides. This has been in- 
ferred from the following observations: (1) a characteristic 
pH dependence of the equilibrium constant for binding; (2) 
unique visible spectra of complexes with cobalt-substituted CA; 
(3) remarkably slow association and dissociation kinetics for 
formation of the enzyme-inhibitor complexes. Our study 
examined the reversible inhibition of CA by iodoacetamide, 
a covalent modifier of His-200 of CA isozyme I, as well as 
the inhibition by ethyl carbamate (urethane, an amide ester) 
and oxamate, the monoamide of oxalate. In view of the sim- 
ilarity in coordination properties between deprotonated amides 
and deprotonated “pyrrole” nitrogens of imidazoles (Sundberg 
& Martin, 1974; Sigel & Martin, 1982), our findings have 
bearing on the question (Bertini & Luchinat, 1983; Khalifah 
et al., 1987) of whether the imidazole anion is capable of 
binding to the active site metal of CA I. 

MATERIALS AND METHODS 
Enzymes and Chemicals. Human carbonic anhydrase 

isozyme I was prepared from freshly outdated erythrocytes 
according to the affinity chromatography method developed 
earlier (Khalifah et al., 1977). Bovine carbonic anhydrase 
isozyme I1 was purchased from Sigma. Replacement of the 
intrinsic Zn(I1) with Co(1I) was carried out by first removing 
the Zn(I1) with pyridine-2,6-dicarboxylate (Hunt et al., 1977), 
followed by stoichiometric addition of Specpure-grade cobalt 
sulfate (Johnson-Matthey). Cobalt CA I carboxymethylated 
specifically a t  His-200 [Co(II)CmCA I] was prepared by 
reacting Co(1I)CA I with 15 mM bromoacetate in 0.1 M 
Bis-Tris buffer at pH 6.8 in the dark at room temperature for 
6-7 h, followed by extensive dialysis. Protein concentrations 
were determined from the absorbance at  280 nm (Lindskog 
et al., 1971) or by the visible spectrum in the case of the Co(I1) 
enzymes, using published extinction coefficients (Whitney, 
1970; Taylor et al., 1970). Oxamate, iodoacetamide, and 
urethane were all from Sigma. Oxamate was also recrys- 
tallized and used in inhibitor binding studies to check for 
effects from possible oxalate contamination. (None were 
found.) 

Spectrophotometry. All spectra were recorded on a Varian 
Cary 210 spectrophotometer equipped with a digital interface 
port (DIP) and interfaced to an Apple II+/IIe via a parallel 
interface card (SSM AIO). Software for acquisition, storage, 
and processing of spectra was developed in this laboratory and 
was written in Microsoft TASC-compiled BASIC language. 
Timing for kinetics runs was generated with a Mountain 
Hardware clock card for the Apple 11+ computer, and data 
were automatically logged into the computer for analysis. 

Inhibitor Binding Measurements. Inhibitor dissociation 
constants for the binding of various amides to the Co(I1)- 
substituted enzymes were determined by visible spectral ti- 
trations. Complete spectra were recorded for each addition 
of inhibitor, and they were later corrected for dilution and, 
if necessary, for light scattering. The absorbance changes at 
a selected wavelength of maximal difference between native 
and inhibited enzyme, or the differences in absorbance at two 
chosen wavelengths, were analyzed as a function of inhibitor 
concentration with non-linear least-squares procedures as- 
suming a simple binding equilibrium. Non-linear least-squares 
was also used to analyze the pH dependence of binding con- 
stants, as discussed in the text. 

Computation of Limiting Spectra of Enzyme-Inhibitor 
Complexes. In order to obtain the limiting spectra of en- 
zyme-inhibitor complexes at each pH, an extrapolation pro- 
cedure was necessary, since complete saturation of the enzyme 
could not be achieved due to factors such as weak binding and 
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FIGURE 1: Computed (limiting) spectra of the ethyl carbamate 
complex of Co(1I)CA I at pH 8.02 (upper solid curve), iodoacetamide 
complex of Co(I1)CmCA I at pH 8.78 (lower solid curve), and 
iodoacetamide complex of Co(1I)CA I at pH 8.00 (dotted curve). 

limited solubility of the inhibitor. The following procedure 
was thus devised and implemented. By use of the “best” K, 
determined at each pH by nonlinear least-squares fit of ab- 
sorbance changes at  wavelengths of maximal difference 
(greatest accuracy), a constrained least-squares analysis with 
the K, fixed to that value was performed at all the other 
wavelengths in order to determine the extrapolated molar 
extinctions for the fully complexed enzyme. This was pro- 
grammed for automated processing on the Apple II+/IIe. 

Kinetics Measurements. Kinetics of association and dis- 
sociation were measured at a single wavelength chosen for 
maximal difference between initial and final spectra. Ab- 
sorbances were obtained at specified time intervals and stored 
for kinetics analysis. All kinetics were done at room tem- 
perature (25 “C). An aliquot of the inhibitor was added in 
the cuvette at zero time for association kinetics. Two methods 
were used to initiate dissociation kinetics: ( 1  j a 10-fold dilution 
of an equilibrated enzyme-inhibitor solution or (2) displace- 
ment of bound inhibitor by addition of an aliquot in a small 
volume of the extremely strong inhibitor to the equilibrated 
enzyme-inhibitor sample. A small plastic mixer was often used 
to carry out the addition and mixing. ”Dead times” of this 
procedure were usually a few seconds. A nonlinear least- 
squares procedure was used to fit the data to a single expo- 
nential. Association kinetics were carried out under pseudo- 
first-order conditions of excess inhibitor. 

RESULTS 
Reversible Binding of Iodoacetamide to Co(II)CA I .  The 

covalent modification of CA I at His-200 by iodoacetamide 
has been thoroughly described by Whitney (Whitney et al., 
1967; Whitney, 1970, 1973). He  reported that the maximal 
half-time for inactivation is approximately 1-3 h for enzyme 
reversibly saturated with reagent (Whitney, 1970). In the 
present work, we studied the reversible binding by monitoring 
visible spectral changes in Co(1I)CA I produced by initial 
binding of this reagent. Spectra were scanned shortly after 
addition of aliquots of inhibitor. Long incubation times at high 
iodoacetamide concentrations led to slow spectral changes that 
were due to a combination of covalent modification and the 
displacement of the reversibly bound iodoacetamide by the 
strongly inhibitory iodide produced by hydrolysis of the reagent 
at alkaline pH. Figure 1 (dotted curve) gives the computed 
limiting spectrum for the reversible complex of Co(1I)CA I 
with iodoacetamide at pH 8.0. It differs entirely from the 
spectrum of the uninhibited enzyme [cf. Whitney (1970)l. The 
computed K ,  value from the spectral titration at pH 8.0 was 
40 f 19 mM. This is in excellent agreement with Whitney’s 
reported K, of 25 mM at pH 7.6 for the zinc enzyme. On the 
basis of [I],, values, Whitney (1970, 1973) reported that the 
inhibition is pH independent at alkaline pH but falls off at 
low pH. 
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Table I: Kinetics of Inhibitor Binding to Co(1I)CA at 25 O C ”  
reactantsb I11 (mM) k,, k. (M-I s-l) kd (s-’) k d l k a  K, ( M I d  

Co(1I)CA I, iodoacetamide, 6.0‘ 
pH 8.1 8.1 

16.0 
38.8 
60.0 
74.1 

Co(I1)CmCA I ,  iodoacetamide, 6.OC 
pH 9.1 6.0‘ 

6.0e 
60 

Co(II)CA I, ethyl carbamate, 1.79 
pH 10.1 2.14‘ 

2.14‘ 
2.14‘ 
3.59 
3.59 
3.59 
7.17 
7.17 

0.043 
0.063 
0.056 
0.062 
0.120 
0.088 

0.77 (*0.26) 0.041 (f0.008); 0.043 (f0.006)’ 0.059 (f0.021) 0.040 (f0.020) 
0.147 
0.102 
0.139 
0.163 

0.141 
0.136 
0.123 
0.116 
0.201 
0.277 
0.215 
0.242 
0.260 

0.65 (f0.365) 0.124 (f0.017) 0.20 ( f O . l l )  0.063 (f0.028) 

26.5 (k5.6) 0.087 (f0.019); 0.16 (f0.02)’ 0.0046 (fO.0010) 0.0067 (f0.0013) 
“Data were obtained at ambient temperature (25 “C) and an ionic strength of 0.2 adjusted with K2S04. All kinetics were obtained by spectro- 

scopic measurements at suitably chosen wavelengths. bThe final inhibitor concentrations are given in column 2 and were always greater than IO-fold 
the enzyme concentrations. cobserved first-order rate constant for either association or dilution dissociation. It was assumed to be equal to k,[I]  + 
kd,  and a linear regression fit of the data of column 3 yielded the rate constants given in columns 4 and 5 .  dEquilibrium inhibitor dissociation 
constant obtained by visible spectral titrations of enzyme with inhibitor. e Dissociation kinetics in which inhibitor concentration was diluted IO-fold 
to the value given in these entries. /Dissociation rate constant obtained by addition of excess acetazolamide. Values are the average of several 
experiments in which the acetazolamide concentration was varied over a 10- or 20-fold range to verify lack of dependence on its concentration. 
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FIGURE 2: (Top) Dissociation kinetics for 10-fold dilution of 1.18 mM 
Co(1I)CA I and 0.06 M iodoacetamide at pH 9.1. (Bottom) Kinetics 
of association of 0.023 M iodoacetamide with 0.18 mM Co(1I)CA 
I. The dashed line represents the initial absorbance before addition 
of iodoacetamide. The curves represent nonlinear least-squares fit 
to a single-exponential function. The absorbance at 615 nm was 
followed in each case. 

Kinetics of Binding of Iodoacetamide to Co(IZ)CA I .  The 
kinetics of the visible spectral changes produced by the addition 
of iodoacetamide were possible to follow in a spectrophotom- 
eter by use of simple mixing, as shown in Figure 2, with 
half-times in the range of 10-15 s. The amplitude of the 
spectral change associated with the kinetics indicated that all 
the reaction was being observed. The apparent rate constant 
was linearly dependent on iodoacetamide concentration, as 
expected of a pseudo-first-order reaction. Similarly, the 10-fold 
dilution of a sample of Co(1I)CA I to which iodoacetamide 
had been added produced spectral changes in the opposite 
direction (Figure 2). For an  apparent reversible first-order 
reaction, the observed rate constant in either direction will be 
the sum of the dissociation rate constant and the pseudo- 
first-order association rate constant. W e  thus analyze the 
kinetics using kobsd = k,[L] + kd,  where the only restriction 
is that the ligand concentration is in large excess over the 
enzyme. The computed second-order association constants and 
the first-order dissociation constants are given in Table I. 
Dissociation could also be followed by the addition of the 
powerful inhibitor acetazolamide (diamox) to scavenge free 

enzyme, and the dissociation rate constant obtained in this way 
agreed with that measured by dilution (Table I). Furthermore, 
the kd/k, kinetic ratio was computed and found in accord with 
the equilibrium inhibitor dissociation constant obtained from 
analysis of the spectral titrations. 

Reversible Binding of Iodoacetamide to Co(Ir)CmCA I.  To 
further eliminate possible complications associated with co- 
valent modification of His-200 by iodoacetamide, we studied 
the reversible binding of this inhibitor with enzyme already 
carboxymethylated a t  His-200. CmCA I has itself been found 
to reversibly bind iodoacetamide (Whitney, 1970). Figure 1 
shows that the computed limiting spectrum for the reversible 
complex formed with this enzyme form is very similar to that 
of the complex with Co(1I)CA I, except that it is somewhat 
less intense. The affinity of the modified enzyme for iodo- 
acetamide appears weaker than for Co(1I)CA I. The kinetics 
of spectral changes associated with addition of inhibitor or its 
dissociation by 10-fold dilution were also studied. The results 
are included in Table I. The weaker binding in the modified 
enzyme appears to reside in the larger value of the apparent 
dissociation rate constant. 

Binding of Ethyl Carbamate. The addition of this inhibitor 
to Co(1I)CA I produces large visible spectral changes indi- 
cating coordination to the metal. The limiting spectrum of 
the adduct with this inhibitor is shown in Figure 1 .  The K, 
values for ethyl carbamate were determined by monitoring the 
visible spectral changes on addition of ethyl carbamate to 
Co(1I)CA I over the pH range 6.0-10. Figure 3 shows that 
binding is considerably stronger at high pH, the profile being 
similar to that seen with ionizable inhibitors with high pK,, 
such as the sulfonamides [cf. Bertini and Luchinat (1983)l. 
The pK, obtained from the nonlinear least-squares fit of the 
data of Figure 3, 7.3 f 0.2, is in excellent agreement with the 
free enzyme pK, of 7.5, indicating that the active site ionization 
(Whitney, 1970) controls binding. A single K, value of 5 mM 
at pH 7.6 has been reported for the inhibition of CA I by ethyl 
carbamate (Whitney et al., 1967), which is in full accord with 
our results. 
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FIGURE 3: pH dependence of the ethyl carbamate dissociation constant 
of Co(1I)CA I. The Ki values were obtained from visible spectral 
titrations. The solid curve represents a weighted three-parameter 
nonlinear regression fit to the experimental data in which binding was 
assumed to depend on a single ionization (pKa = 7.3 f 0.2). 
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FIGURE 4: (A) pH dependence of the oxamate dissociation constant 
of Co(1I)CA I. The Ki values were obtained from visible spectral 
titrations. The solid curve represents a weighted five-parameter 
nonlinear least-squares fit of the experimental data to eq 6 in which 
two enzyme ionizations were assumed to control binding, these being 
His-200 (pKa = 6.0 assumed in free enzyme and 6.5 f 0.7 found in 
complex) and zinc-water (pKa = 7.5 f 0.4 found for free enzyme). 
The free ligand ionization was assumed to be 14 in the free ligand, 
and it was found to be 9.5 * 0.2 in complex. (B) pH dependence 
of the oxamate dissociation constant of Co(1I)CA 11. The solid curve 
represents a weighted four-parameter nonlinear least-squares fit of 
the experimental data to eq 5. The free enzyme pKa (zinc-water) 
was found to be 6.7 * 0.2, and the ligand pKa in the complex was 
found to be 9.8 f 0.3. An equally satisfactory fit could also be obtained 
for a single ionization function such as in Figure 3 .  

Kinetics of Binding of Ethyl Carbamate to Co(Il)CA I .  As 
with the iodoacetamide inhibition, it was possible to follow the 
kinetics of ethyl carbamate association and dissociation 
through the visible spectral changes. However, in this case 
the rates were somewhat higher and were a t  the limit of our 
manual mixing methods. Analysis was facilitated by carrying 
out the nonlinear least-squares analysis while constraining the 
initial absorbance to the value observed before initiating the 
reaction. The association rate followed pseudo-first-order 
kinetics by being linearly dependent on the inhibitor concen- 
tration. Dissociation initiated by addition of the scavenging 
competing inhibitor acetazolamide gave a rate constant in 
reasonable agreement with that obtained by analysis of the 
dilution and association kinetics. Furthermore, the ratio of 
dissociation to association rate constants was in good agree- 
ment with the Ki measured by spectral titrations at equilibrium. 
The rate constants obtained are included in Table I. 

Binding of Oxamate to Co(II)CA I .  The Ki for oxamate 
inhibition of Co(1I)CA I was determined by monitoring the 
visible spectral changes produced by the addition of oxamate. 
Figure 4A shows the pKi values we obtained over the p H  range 
6-10. A complex dependence is seen. Below p H  9, the p H  
profile is approximately that expected for the typical binding 
of carboxylate and other anionic inhibitors to the acid form 
of the enzyme, with an observed controlling pKa of 7.5 f 0.4. 
However, a t  high pH, the binding affinity does not decrease 
logarithmically as expected. It tends to level off, suggesting 

I " " '  I 

WAVELENGTH 
FIGURE 5: Computed (limiting) spectra of the oxamate complex of 
Co(1I)CA I at pH 6.00 (lower dotted curve) and at pH 10.34 (solid 
curve) and of the oxamate complex of Co(1I)CA I1 at pH 7.99 (upper 
dotted curve). 

I------ 
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FIGURE 6: pH dependence of the 560-nm extinction coefficient of the 
limiting oxamate complex of Co(1I)CA I. The solid curve represents 
a five-parameter nonlinear regression fit of the experimental data to 
a two pKa function (constrained pKa value of 6.5 and computed pKa 
value of 9.0 f 0.2). 

that a deprotonation in this p H  range leads to an  increase in 
affinity. The curve drawn through the data will be discussed 
below. 

Spectra of Limiting Complexes of Oxamate with Co(Il)CA 
I .  The limiting spectra of the adducts of oxamate with Co- 
(1I)CA I have been computed. The spectra appear to be highly 
p H  dependent, as shown in Figure 5 for a high-pH and a 
low-pH case. It is interesting that the low-intensity spectrum 
a t  the acid extreme, but not the more intense one a t  high pH, 
is typical of the complexes of C A  with carboxylate anions such 
as acetate or oxalate (Bertini et al., 1978a). A plot of the pH 
dependence of e560nm for the limiting complexes (Figure 6) 
reveals an apparent dependence on two ionizations. The curve 
drawn through the data represents a nonlinear least-squares 
fit to a dibasic acid function with apparent pKa values of 6.5 
(constrained) and 9.0 f 0.2, as discussed below. 

Kinetics of Inhibitor Dissociation of Oxamate. At high pH, 
weakened binding and limited solubility of the inhibitor made 
it difficult to observe association and dilution dissociation 
kinetics, such as the studies reported for ethyl carbamate and 
iodoacetamide. However, a t  high p H  the dissociation was 
possible to observe by displacement with a high concentration 
of a strong inhibitor acting as a scavenger of free enzyme. This 
method was also advantageous, since the complex of Co(1I)CA 
I with chosen displacing inhibitors, such as acetazolamide, has 
a very high extinction coefficient (Bertini et al., 1978b). 
Furthermore, sensitivity would be improved by addition of the 
acetazolamide in a small volume, thus avoiding dilution of the 
enzyme. Control experiments were carried out to establish 
that the measured rates were independent of the concentration 
of displacing inhibitors. 

Table I1 summarizes the kinetics obtained by this method 
over the pH range of 8.2-10.4. Similar results were obtained 
by use of either acetazolamide or PAMBS as the displacing 
inhibitor. The first-order rate constant was largely independent 
of p H  and was about an order of magnitude slower than the 



5676 B I O C H E M I S T R Y  R O G E R S  ET A L .  

acid form of the active site. A more complex function showing 
dependence on two ionizations could also be fit to the data 
(curve shown in Figure 4B). Displacement kinetics were at- 
tempted a t  p H  near 10, and a slow kinetics phase (Table 11) 
was observed corresponding to roughly 30 f 5% of the total 
absorbance change. 

DISCUSSION 
The visible spectra of the complexes of cobalt-substituted 

C A  with the “neutral” inhibitors iodoacetamide and ethyl 
carbamate (Figure 1) and with the anionic oxamate (Figure 
5) all indicate direct alterations in the first coordination sphere 
of the metal. Since nonionized amide nitrogens, as well as 
amide oxygens, are exceedingly poor ligands of metal ions 
(Sigel & Martin, 1982), the simplest interpretation of our 
spectra is to recognize that an amide proton is being substituted 
by the enzyme metal ion. As pointed out by Sigel and Martin 
(1 982), the unfavorably high pK, for amide deprotonation, 
typically near 15 (Stewart, 1985), can be compensated by the 
high ligand field strength of the resulting nitrogen anion, as 
well as by the possibility of chelate formation or other sta- 
bilizing interactions within the active site (Sigel & Martin, 
1982). 

The p H  profiles for inhibition by ethyl carbamate (Figure 
3) and iodoacetamide [cf. Figure 1 of Whitney (1970)] are 
fully consistent with the binding of the ligand anion (L) to only 
the acid form (EH) of the enzyme.2 The ionizations involved 
are defined in eq 1 and 2, and the binding equilibrium is 

E H = E + H  e = [EI[Hl/[EHl (1) 

L H = L + H  fc = [LI [Hl/[LHl (2) 

eH = [EHI [LI /[EHLI (3) 

(4) 
separation between the two ionization constants leads to an  
appreciably flat plateau a t  p H  values between the two pK,’s, 
and the upper or lower descending limbs of the plot will not 
be seen if the data cannot be extended toward the p H  range 
of the corresponding pK, values. Such is the case apparently 
with ethyl carbamate (Figure 3) and iodoacetamide [Figure 
1 of Whitney (1970)l. The intrinsic inhibitor affinity, pKFH, 
for binding of the fully deprotonated inhibitor to the fully 
protonated enzyme will exceed the apparent pKi in the plateau 
region by approximately the difference pKk - pK:. 

Agreement of the observed p H  profiles with the predicted 
behavior from eq 4 cannot be taken as sufficient proof of the 
validity of this binding model, since it has been amply dem- 
onstrated that the identical type of p H  dependence will result 
from a situation in which the acid form of the ligand (LH) 
binds to only the basic form (E) of the enzyme (Taylor et al., 
1970). Independent evidence, such as the determination of 
the microscopic ionization state of ligand or enzyme, is needed 
to resolve the ambiguity. In the similar case of sulfonamide 
binding (Taylor & Burgen, 1971; Taylor et al., 1970), I5N 
N M R  spectroscopy (Kanamori & Roberts, 1983; Blackburn 
et al., 1985) showed the unambiguous presence of a singly 
protonated, Le., ionized, sulfonamido nitrogen coordinated to 

defined in eq 3. The apparent inhibitor dissociation constant 
E H  + L = EHL 

will then be given by the bell-shaped function of eq 4. A large 

Ki = (1 + g / [ H ] ) ( l  + [H]/Ki)KEH 

Table 11: Kinetics of Displacement of Oxamate from Co(1I)CA at 
25 OC“ 

enzvme DH kd (s-’) ’3% fast* displacing inhibitor 
Co(1I)CA 1 8.22 0.018 93.4 

8.58 0.018 89.1 
8.98 0.035 70.6 
9.17 0.018 61.4 
9.38 0.021 49.5 
9.49 0.028 49.8 
9.50 0.014 29.0 
9.50 0.014 28.0 
9.50 0.015 31.0 
9.50 0.012 28.1 
9.50 0.021 34.1 
9.79 0.021 29.4 
9.98 0.020 29.0 

10.16 0.027 20.9 
10.39 0.037 13.4 

Co(1I)CA I1 9.78 0.078 70.0 

6.9 mM diamox 
6.9 mM diamox 
6.9 mM diamox 
6.9 mM diamox 
6.9 mM diamox 
6.9 mM diamox 
86 mM diamox 
1.1 mM PAMBS 
1 mM PAMBS 
10 mM PAMBS 
10 mM PAMBS 
69 mM diamox 
69 mM diamox 
69 mM diamox 
69 mM diamox 
7.1 mM diamox 

aKinetics of dissociation of oxamate from its complex with Co(I1)- 
CA isozymes I and I 1  observed at  25 OC and ionic strength of 0.2 ad- 
justed with K2S04. Dissociation was induced by the addition of the 
competing inhibitors listed in column 5, and the kinetics were followed 
by the absorbance at 600 nm. bThree-parameter nonlinear least- 
squares (single exponential) was used to obtain the rate constants 
(column 3)  as well as the initial and final absorbances. The computed 
spectral change was then compared to that expected from the initial 
absorbance before displacement, in order to arrive at the percent fast 
amplitude (column 4) that represented the unobservable fast reaction. 

IO 9 
PH 

FIGURE 7: pH dependence of the percentage of 600-nm absorbance 
change that was too fast to observe during the dissociation of the 
oxamate complex with Co(1I)CA I by diamox displacement. Note 
that the high- and low-pH complexes of oxamate (Figure 5 )  have a 
nearly equal absorbance at this wavelength that is much lower than 
that of the diamox complex. The solid curve represents a three-pa- 
rameter nonlinear regression fit of the experimental data to a single 
ionization function (pK, = 9.3 f 0.2). 

dissociation rates seen with iodoacetamide. The most re- 
markable aspect of these kinetics, however, was the p H  de- 
pendence of the amplitude of the spectral change associated 
with the kinetics phase observed. Part of the spectral change 
occurred in the “dead time” of our slow mixing (a few seconds), 
so that the kinetics we measured did not extrapolate to the 
expected zero-time absorbance. Figure 7 shows a plot of the 
pH dependence of the percentage of the absorbance change 
associated with the dissociation reaction that was too fast to 
observe. The data were fit to a single ionization function, 
yielding a pK, of 9.32 f 0.06. 

Binding of Oxamate to Co(Il)CA IZ. The inhibition of 
Co(1I)CA I1 by oxamate was also studied, and it was found 
to be weaker than that of Co(I1)CA I. The spectrum of the 
limiting adduct (Figure 5) appeared to differ from that with 
Co(1I)CA I in fine structure, and above p H  6.5 it did not 
appear to display the pH dependence that was strikingly seen 
with the other isozyme. The dependence of the pKi on p H  
(Figure 4B) could not be followed above p H  9.0 due to 
weakened binding and limited inhibitor solubility. The p H  
dependence of the pKi could be satisfactorily fit to a single 
ionization function, typical of binding as a simple anion to the 

Whitney (1970) attempted to explain the pH profile for iodoacet- 
amide binding to CA I in terms of linkage to active site His-200. He 
made no reference to the catalytically essential ionizing group (zinc- 
water) known to control binding of anions and sulfonamides (Lindskog, 
1982, 1983; Bertini & Luchinat, 1983). 
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the metal. As mentioned above, studies of model complexes 
of amides with metal ions clearly indicate that the likelihood 
of coordination of neutral amides to metal ions is vanishingly 
small (Sigel & Martin, 1982). 

That amide deprotonation is required for binding of these 
neutral inhibitors also derives support from the kinetics studies 
that we have carried out. Observation of apparently slow 
ligand association and dissociation kinetics for binding to CA 
is the most remarkable and unexpected finding in our study. 
Whitney had noted the slow equilibration of iodoacetamide 
with CA I (Whitney et al., 1967; Whitney, 1970, 1973), but 
he did not report kinetics and he did not associate the slow 
equilibration, or the inhibition, with coordination at the metal 
ion site. There is no evidence to indicate that the slow kinetics 
are due to factors such as a conformational change in the 
enzyme. The kinetics we obtained with iodoacetamide for both 
mixing and dilution are clearly attributable to association and 
dissociation steps, since the ratio of the rate constants is in 
accord with the equilibrium binding constant. Furthermore, 
slow ligand binding kinetics have now been seen (Table I) for 
binding of iodoacetamide to modified Co(I1)CmCA I, for 
binding of ethyl carbamate to Co(1I)CA I, and for binding 
of oxamate (discussed below) to Co(1I)CA I and Co(1I)CA 
11, as well as for other amides (unpublished observations from 
this laboratory). 

It is instructive to compare the association rate constants 
for binding of these amides with previously studied CA binding 
of other “unidentate” ligands, including the sulfonamides. Rate 
constants for association of the enzyme with the latter inhib- 
itors approach the diffusion limit and usually exceed 106-109 
M-’ s-l (Taylor & Burgen, 1971; Taylor et al., 1970, 1971; 
Harrington & Wilkins, 1980).3 Our observed k:s in the range 
of 1-10 M-’ s-l are thus truly remarkable. Slow dissociation 
rate constants of the order of 0.05 s-’ have been reported with 
sulfonamides (Lindskog & Thorslund, 1968; Taylor et al., 
1970), and these usually arise from the extremely high affinity 
coupled with diffusion-controlled association (kd = kaKi). The 
estimated intrinsic inhibitor dissociation constants for binding 
of the deprotonated amides to the protonated enzyme do indeed 
approach the nanomolar range. The extremely high affinity 
of the enzyme for deprotonated amides may reflect the ex- 
cellent coordinating properties (basicity) of deprotonated amide 
(Siege1 & Martin, 1982). Unlike the sulfonamides, the amides 
discussed here are small and lack aromatic or heterocyclic 
hydrophobic groups, making the comparison even more re- 
markable. 

The basis for the slow association rate constant for binding 
of iodoacetamide to CA most likely arises from the obligatory 
deprotonation of the amide group prior to coordination to the 
active site metal. The maximum rate of spontaneous depro- 
tonation of an ionizing group with pKa of 15 will be about 10” 
s-I, on the basis of a diffusion-limited protonation rate of about 

point of view. Deprotonation in free amides in alkaline so- 
lutions will proceed, of course, through hydrolysis rather than 
simple proton dissociation (Eigen, 1964). However, if de- 
protonation occurs following an initially formed complex of 
amide with the metal, access of hydroxyls could be quite 
hindered. Much more searching kinetics studies would be 
needed to elucidate the reaction, and the possible involvement 
of slow proton-transfer reactions makes the study of solvent 

109 M-’ s-1 . I t is thus highly unfavorable from an energetic 

An exception is the binding of the bidentate ligand pyridine-2,6- 
dicarboxylate, which rapidly extracts the metal ion from CA (Hunt et 
al., 1977). Its association rate constant is in the range of lo2 to lo3 M-I 
s-’ (Harrington 8c Wilkins, 1980). 

LH L + H  

EHLH EHL+ H 

- EH - E + H  

FIGURE 8: Inhibitor binding model in which only the acid form of 
the enzyme (EH) is assumed to bind to the protonated LH and the 

the ionization of the ligand within the enzyme-ligand complex. 

deuterium isotope effects attractive. Such studies are in 
progress. 

If our interpretation of the basis for the slow association rate 
of iodoacetamide is correct, slow binding kinetics should be 
characteristic of inhibition of CA by most amides. The oxa- 
mate results confirm this, although the inhibition of Co(1I)CA 
I by oxamate presents interesting complications. This po- 
tentially bifunctional and bidentate ligand binds at low pH 
to the metal as the monoanion through its carboxylate group, 
as judged by the low-intensity visible spectrum of its complex 
(Figure 5) and by the decrease in its affinity for the enzyme 
up to about pH 9 (Figure 4A). At higher pH, the large 
spectral change of its complex clearly indicates alterations in 
its mode of coordination with the metal. This is strongly 
suggestive of a change to binding of the dianion through its 
deprotonated amide group (with obvious possibilities for 
chelation in a five-membered ring).4 It is possible to quan- 
titatively correlate the pH dependence of binding and the 
independently obtained pH dependence of the spectral changes 
if we assume that the oxamate anion (LH) and the dianion 
(L) both bind to the acid form of the enzyme (EH), as shown 
in Figure 8. The apparent inhibitor dissociation constant for 
this situation is given by eq 5. We have chosen to express 

deprotonated (L) forms of the ligand. Note that pKf h )  represents 

the apparent pKi in terms of the enzyme and ligand ionizations, 
K: and Kk, respectively, and the ionization constant of the 
enzyme-inhibitor complex (KFHL). The latter represents the 
pKa of the pH-linked change from coordination of the oxamate 
anion through the carboxylate (EHLH species) to coordination 
of the dianion through the deprotonated amide group (EHL). 
If these two complexes have different visible spectra, then a 
spectral change with this pK, is naturally predicted by this 
model, and eq 5 indicates that the pK, for the change can be 
independently obtained by analysis of the binding data. A 
nonlinear least-squares fit of the data for Co(I1)CA I inhibition 
(Figure 4A) yielded a pKFHL of 9.4 f 0.2. The spectral 
changes of Figure 6 do indeed reveal a transition in this 
neighborhood and thus support the self-consistency of this 
analysis of the binding and spectral data. 

An additional spectral change also occurs, however, at lower 
pH with an inflection near 6.5. Such changes have been seen 
before in Co(1I)CA I and Co(I1)CmCA I (Whitney, 1970), 
as well as in some of their inhibitor complexes (Whitney & 

It is interesting in this regard that Bertini et al. (1978a) found that 
oxalate binding to CA is strongest among dicarboxylates. 
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Brandt, 1976), and they are assigned to pertubation by the 
adjacent active site His-200 (Khalifah, 1977). In the case of 
oxamate, the observed pKa of 6.5 for this residue in the com- 
plex differs from that (6.0) in the free enzyme, indicating that 
its effect must be reflected in the pH dependence of binding 
[cf. discussion of linkage in Khalifah (1977)l. The curve in 
Figure 4A is a nonlinear least-squares fit to the scheme of 
Figure 8 to which we added linkage to this second enzyme 
group (His-200), resulting in the following pH dependence: 

Ki = 
m G - K E H ( l  + [ H I / K 3 [ 1  + ([HI/K:,)(1 + [Hl/@2)l 

R O G E R S  E T  AL 

@“l/K:*)[1 + ([HI/fef)(1 + [HI/@:)] 
(6) 

This analysis of the data of Figure 4A yielded a p g :  of 6.5 
f 0.7 for His-200 in the complex and a p e k  of 9.4 f 0.2 for 
the ionization governing the change from coordination through 
the carboxylate to coordination through the amide. These data 
are thus in full accord with the spectral changes seen in Figure 
6. 

In considering the analysis of the full pH dependence of 
binding discussed above, it is important to recognize that the 
alternate view, in which the neutral amide group of oxamate 
binds at high pH to the basic form of enzyme, leads to an 
identical dependence of binding on pH and can thus formally 
account for the pH dependence of binding. In that case, 
however, the observed spectral change of pKa = 9.4 would have 
to be assigned to an enzyme ionization within the complex. 
There is no independent evidence supporting the existence of 
such an ionization in the active site. As in the case of the 
simple amides, a final distinction between these models can 
only rest on a direct demonstration of the state of ionization 
of the amide group in the complex. 

The conclusion that binding of oxamate to Co(1I)CA I 
should occur through the deprotonated amide group as the pH 
is raised provides an opportunity to test our earlier prediction 
that slow kinetics should occur with amide binding. We 
consequently searched for and successfully measured slow 
dissociation kinetics at alkaline pH (Table 11). Not only were 
slow kinetics observed, but the amplitude of the changes 
(Figure 7) precisely mirrored the fraction of enzyme-inhibitor 
complex computed from the spectral and binding equilibrium 
to be coordinated through the deprotonated amide group. It 
is noteworthy that the dissociation rate constant in the alkaline 
range is essentially pH independent (Table 11), which is also 
the case for dissociation of sulfonamides from CA (Taylor et 
al., 1970). 

Exploratory kinetics studies on the oxamate inhibition of 
Co(1I)CA I1 were also carried out. The weaker inhibition of 
this isozyme (Figure 4B) made it difficult to observe the ex- 
pected change of coordination from binding through the 
carboxylate to binding through the anion. Nonlinear least- 
squares analysis of the binding data (Figure 4B) suggested 
that the transition occurs with a pKa of 9.8 f 0.3. A slowly 
dissociating phase of about 30 f 5% amplitude was observed 
near pH 10, indicating that this isozyme can also coordinate 
amides. However, computation of limiting spectra of the 
complex with enzyme could not be carried out at such high 
pH due to weak binding and poor inhibitor solubility. 

To summarize, the binding of amide inhibitors of carbonic 
anhydrase appears to occur by substitution of an amide proton 
by the metal ion of the active site. Visible spectra, pH de- 
pendence of the binding, and characteristically slow associa- 
tion-dissociation kinetics all implicate binding of such inhib- 
itors following their deprotonation. It would be especially 

difficult to account for the spectral changes and the slow 
kinetics in terms of the alternate view in which neutral amides 
coordinate to the acid form of the enzyme. The interaction 
of amides and related compounds must now be considered 
strictly analogous to the binding of sulfonamides and anionic 
inhibitors, and such binding occurs competitively with solvent 
hydroxyls for binding at the metal. A definitive proof of such 
an interaction is not available at present, and it must be sought 
by spectroscopic and other methods capable of directly ob- 
serving the ionization state of the inhibitor on the enzyme. 

Binding of amides in their deprotonated form may help 
account for observations on relative inhibitor potency. Whitney 
et al. (1967) have previously reported that inhibition by ace- 
tamide and urea is weaker than that of iodoacetamide and 
chloroacetamide by a little less than 2 orders of magnitude. 
The amide groups of the latter compounds are, indeed, ex- 
pected to be more acidic than the former by about 2 pH units 
(Stewart, 1985). The binding of deprotonated amides to 
carbonic anhydrase also provides an explanation of why the 
enzyme does not catalyze their hydrolysis. This mode of 
coordination is well-known [cf. Sigel and Martin (1982)l to 
make the amide group exceedingly stable to hydrolysis. 

The similarity of coordinating properties and pKa’s between 
amides and “pyrrole” nitrogens of imidazoles has been noted 
(Sundberg & Martin, 1974; Sigel & Martin, 1982). Our 
present results may thus be relevant for understanding the 
mode of binding of the C 0 2  competitive inhibitor imidazole 
(Khalifah, 197 1). Hitherto, imidazole and related analogues 
have been considered to bind only in their neutral form through 
their “pyridine” nitrogen, without displacing the coordinated 
water ligand of the metal (Kannan et al., 1977; Wolpert et 
al., 1977; Bauer et al., 1977; Alberti et al., 1981). An al- 
ternative view of their binding has been noted (Bertini & 
Luchinat, 1983) in which imidazole binds as the neutral species 
to the acid form of the enzyme at  low pH, but a t  high pH it 
binds as the anion and coordinates to the metal through its 
deprotonated “pyrrole“ nitrogen. This ambivalent mode of 
binding should lead to a similar pH dependence of the affinity 
to that seen with oxamate and Co(1I)CA I in our present study 
[cf. Khalifah et al. (1987)l. 
In conclusion, we believe our studies on the inhibition of CA 

by neutral inhibitors are fully consistent with many observa- 
tions on model complexes. Neutral inhibitors capable of 
deprotonation bind at the metal only through their anionic 
form when only the anionic forms are potentially excellent 
ligands of metal ions. Claims to the contrary need to be 
critically examined. 
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Active Site of Human Liver Aldehyde Dehydrogenase? 
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ABSTRACT: Bromoacetophenone (2-bromo- 1 -phenylethanone) functions as an affinity reagent for human 
aldehyde dehydrogenase (EC 1.2.1.3) and has been found specifically to label a unique tryptic peptide in 
the enzyme. Amino-terminal sequence analysis of the labeled peptide after purification by two different 
procedures revealed the following sequence: Val-Thr-Leu-Glu-Leu-Gly-Gly-Lys. Radioactivity was found 
to be associated with the glutamate residue, which was identified as Glu-268 by reference to the known 
amino acid sequence. This paper constitutes the first identification of an active site of aldehyde dehydrogenase. 

A l d e h y d e  dehydrogenase (EC 1.2.1.3) is the enzyme in- 
volved in metabolism of administered ethanol. It is a tetramer 
of M ,  216000, which occurs in two isozymes (both homo- 
tetramers, one mitochondrial and the other cytoplasmic). It 
has broad substrate specificity and catalyzes an irreversible 
conversion of aldehydes to acids, employing NAD as co- 
enzyme. The chemical steps, reaction intermediates, and 
catalytic groups utilized by aldehyde dehydrogenase in the 
oxidation of aldehydes remain virtually unknown but are be- 
lieved to closely resemble those determined for glycer- 
aldehyde-3-phosphate dehydrogenase. Jacoby (1 963) and 
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Weiner (1979) have proposed the general scheme: 

--... 7 

NAD 
I 

NAD 

EN + NAD + E e CE*RCHOI + E 

R /NADH - 
7 RCO- + E 7 EN 

E rADH 
NC-R ‘N 

/ 
II 
0 

In this scheme, the carbonyl carbon of the aldehyde is attacked 
by the enzyme (E) nucleophile (N), which by analogy with 
glyceraldehyde-3-phosphate dehydrogenase (Harris & Waters, 
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